Nanocomposite films containing ZnO quantum dots (QDs) and SiO x N y matrix were prepared by target-attached radio frequency sputtering. Photoluminescence (PL) dominated by violet and blue emissions was observed from all ZnO QD-SiO x N y nanocomposite films with dot diameters ranging from 2.77 to 6.65 nm. X-ray photoemission spectroscopy (XPS) revealed the formation of nitrogen-correlated bonding configurations in both the SiO x N y matrix and the dot/matrix interfaces. The nitrogen-correlated configuration at the interface produced a substantial polarization effect at dot surface. The suppression of green-yellow emission observed in photoluminescence spectra of all samples was ascribed to the hole-trapping process promoted by the enhancement of the surface polarization.
I. INTRODUCTION
Recently, semiconductor quantum dots (QDs) embedded in various dielectric materials have attracted considerable research interest. Apart from quantum confinement due to the nanometer dimension, 1 semiconductor QDs embedded in a dielectric material experience specific effects such as dielectric confinement [2] [3] [4] [5] [6] [7] and surface polarization at the surface of QDs. [8] [9] [10] The influences of dielectric environment on optical properties of nanostructured semiconductors have been discussed. [11] [12] [13] Implanting nanostructured semiconductors into specific dielectrics produces composite materials with unique luminescence properties; their applications to optoelectronic devices and biosensors have been demonstrated. For instance, the CdSe-dielectric system may serve as an active medium in tunable lasers to achieve full-color emission. 14, 15 Similar to CdSe-dielectric systems, ZnO-dielectric systems with distinct luminescent properties have been developed. [16] [17] [18] [19] One advantage of the ZnO-dielectric systems is that it does not suffer severe oxidation and degradation as in the CdSe-dielectric system. Moreover, the wide band gap (E g ‫ס‬ 3.25 to 3.5 eV) and large exciton binding energy (59 meV) of ZnO allow ZnO-dielectric systems to exhibit a high luminescence efficiency at room temperature. At present, the ZnO-SiO 2 composite prevails over other ZnO-dielectric systems because it can be prepared through several methods, such as solgel, 20 ,21 molecular capping, 22 impregnation method, 23 etc. In previous studies, we prepared the ZnO QDs-SiO 2 nanocomposite films with dot diameters ranging from 1.96 to 6.54 nm by a target-attached sputtering method. 24, 25 Gaussian curve fitting of photoluminescence (PL) spectra showed that the integrated intensities of three emission bands from ZnO QDs-SiO 2 nanocomposite films vary with the surface-to-volume ratio (SV ratio) of QDs. An analysis of luminescent intensity in relation to defect energy levels indicated that the mechanisms of emission transitions are strongly affected by the presence of ZnO/SiO 2 interfaces. Consequently, we prepared ZnO QDs-SiO x N y nanocomposite films and investigated their luminescent properties and microstructures to explore the effects of dielectric matrix type on the photoemission mechanisms of ZnO QD. Our analysis of the photoelectron signals reveals the chemical bonding structures in these nanocomposite samples and derives specific bonding configurations correlating to nitrogen at the ZnO QDs-SiO x N y interface. The incorporation of nitrogen atoms at the dot/matrix interface and its influence on the luminescent properties of ZnO QDs-SiO x N y nanocomposite films are also discussed.
II. EXPERIMENTAL DETAILS
The ZnO-SiO x N y nanocomposite films containing ZnO QDs with diameters ranging from 2.77 to 6.65 nm were fabricated by target-attached sputtering. The samples were prepared by attaching ZnO (99.999%) pellets in adequate area proportions on a Si 3 N 4 (99.5%, 51 mm) target during sputtering deposition under these conditions: radio frequency (rf) power, 50-200 W; flowing gas, Ar + 2.5% N 2 ; working pressure, 3-10 mTorr. Si wafers were adopted as substrates; neither substrate heating nor postannealing was performed. As the Si in Si 3 N 4 can combine with O − or O 2− from ZnO pellets or from residual CO 3 2− in the vacuum chamber to produce SiO x during sputtering, the dielectric matrix of the nanocomposite films is thus metastable SiO x N y instead of pure Si 3 N 4 .
The microstructure of the samples was characterized with a transmission electron microscope (TEM; Philips TECNAI 20 FEG) (Eindhoven, The Netherlands). The chemical bonding was examined with x-ray photoemission spectroscopy (XPS) recorded with a Mg K ␣ source (American Physical Electronics ESCA PHI 1600) (Chanhassen, MN). The PL spectra were measured at room temperature using a He-Cd laser with emitting wavelength of 325 nm.
III. RESULTS AND DISCUSSION
A. Microstructure of ZnO-SiO x N y nanocomposites Figure 1(a) shows the TEM micrographs of ZnO QDsSiO x N y nanocomposite films containing ZnO QDs of various sizes. The density of ZnO QDs increases as the dot size increases from 2.77 to 6.65 nm. A typical selected-area electron diffraction (SAED) pattern of nanocomposite film presented in Fig. 1(b) indicates that the nanoscale ZnO QDs are crystalline 25 rather than amorphous clusters. TEM characterization also revealed that, though the ZnO QDs-SiO x N y and ZnO QDs-SiO 2 systems possess similar microstructures, the thermal stability of SiO x N y matrix seems inferior to that of SiO 2 matrix. During electron bombardment, the ZnO QDsSiO x N y films were prone to break, and pores developed in TEM samples. This is attributed to the absorption of thermal energy by dangling bonds in the SiO x N y matrix which, in turn, results in the contraction of samples. Figure 2 displays the histograms of ZnO dot size deduced from the TEM characterizations on the samples shown in Fig. 1(a) . The sizes of over 80 ZnO dots were measured in each sample, and the distribution was fitted by a Gaussian function. It was found that the samples with small dot sizes and low dot densities contained wellseparated ZnO QDs with narrow distributions of size. For samples with large dot sizes and high dot densities, neighboring ZnO dots tended to coalesce and become large crystalline clusters.
B. PL spectra and Gaussian curve fittings
PL spectra of ZnO QDs-SiO x N y nanocomposite films are shown in Fig. 3(a) . There is no significant variation of the shape of spectra for all samples, but the luminescence intensities vary with dot sizes. The green-yellow emissions in the ZnO QDs-SiO x N y system are less intense than those observed in the ZnO QDs-SiO 2 system, 24, 25 even for those samples with severe coalescence of dots. The green-yellow emission is attributed to V O и /V O ии residing in the bulk region of QD, whereas the violet and blue emissions are related to surface states or V Zn acceptors at the dot surface. 24, 25 In contrast to ZnO QDs-SiO 2 films, 24, 25 there is no extra or absent emission in the PL spectra of ZnO QDs-SiO x N y films, implying that the change of dielectric matrix type creates no new defect species in ZnO QD.
The optimized Gaussian curve fitting of PL spectra was performed under the constraint w violet ≈ w blue (w ‫ס‬ bandwidth of emission band). As illustrated in Fig.  3(b) , the spectrum contains three emission bands, i.e., violet, blue, and green-yellow bands, with corresponding photon energies about 2.98, 2.66, and 2.28 eV, respectively. The peak position and bandwidth of each emission versus the dot diameter deduced from the curve fitting of PL spectra are presented in Figs. 4(a) and 4(b). These interband transitions of ZnO QDs-SiO x N y films exhibit no significant blue shift as the dot size decreases. We speculated that these defect levels or trap states might be affected or pinned by the surface/interface bonding configurations, especially for small dots, and result in a band shift behavior of the interband transition dissimilar to that of a near-band-edge transition. 25 The dependence of integrated intensity of the violet and blue emissions on the SV ratio are shown in Fig. 4(c) . It can be seen that the integrated intensities of the green-yellow emission for ZnO QDs-SiO x N y films are smaller than that for the ZnO QDs-SiO 2 films. 24, 25 Such a distinct variation can be seen by comparing the peak intensities of the two nanocomposite systems. For ZnO QDs-SiO x N y film with dot diameter of 2.77 nm, the peak intensity of the violet emission is about 2.3 times that of the green-yellow emission, while for ZnO QDs-SiO 2 film with a comparable dot size, the peak intensities of the two peaks are nearly the same.
C. XPS analysis of the bonding characteristics of nanocomposite samples
The chemical compositions of a ZnO QDs-SiO x N y nanocomposite films were identified with the aid of XPS Fig. 1(a) .
analysis. According to XPS data, the binding energy (E b ) of Zn 2p 3/2 (1022.20 ± 0.10 eV) in ZnO QDs-SiO x N y (not shown) is identical to that observed in the ZnO QDs-SiO 2 system, implying a formation of the Zn 2+ valence state in oxygen-deficient ZnO 1−x . 26 The photoemissions corresponding to Si, N, and O atomic levels are, however, rather complicated because of the presence of oxygen-containing ZnO and SiO x N y matrix in which the SiO x N y matrix might contain more than one chemical component, as described below.
An analysis of the O 1s atomic level in ZnO has been reported elsewhere. 24 Two oxygen species are present in 38,39 According to this finding, two bonding components, N1 and N2, in the ZnO QDs-SiO x N y system were obtained by fitting the N 1s XPS spectra. Figure 5 (b) reveals that, as the dot size and density increase (i.e., when the Si content decreases), the N1 component decreases, whereas the N2 component increases. In contrast, the trend of the increasing N2 component indicates a distinct chemical bonding configuration in the nanocomposite samples. In addition to an influence of the processing temperature, 32 the formation of the N2 component is specifically related to the interfacial region. 30, 32, 33 Kobayashi et al. 32 reported that the processing temperature affects both the activities of ionic bonding and the stoichiometry of the SiO x N y matrix, which, in turn, alters the proportion of the N2 component. During our sputtering deposition, there was no significant substrate temperature variation; the increase of the N2 component with increasing dot size and density was thus not induced by thermal effects. The incorporation of nitrogen atoms at the surface/interface was commonly observed in the nitridation of SiO 2 because of the smaller activation energy at the surface/interface region. 30, 32, 33 We thus speculated that the N2 component resides at the dot/matrix interfaces rather than in the matrix.
An incorporation of nitrogen atoms at the dot/matrix interface is also explicable through the large population of dangling O-bonds at the dot/matrix interface. Such dangling O-bonds are commonly observed at the SiO 2 /Si interface that provides adsorption sites for certain species to be weakly bound. 
E. Effects of surface polarization on photoemission property
Considering the analytical results described above, we propose a surface bonding configuration model for the ZnO QDs-SiO x N y system, as illustrated in Fig. 6(a) . In Fig. 6(a) The atomic configuration at the dot surface with the complicated dielectric matrix, resulting in an amplified surface polarization, is known to affect the carrier transport in a specific manner. 40 As already reported, the green-yellow emission is ascribed to a radiative recom- Ј at the dot surface. 41 We speculated that the reinforced surface polarization promotes hole trapping at the dot surface and inhibits the tunneling, i.e., the V O и → V O ии transition. Such a surface polarization retards the transition rate of an electron from the conduction band to the deep trap level, thereby suppressing the green-yellow emission of ZnO QD.
IV. CONCLUSIONS
ZnO QDs-SiO x N y nanocomposite films were prepared via target-attached rf sputtering without substrate heating and post annealing. PL measurement revealed the same increasing tendency of violet and blue emissions with an increased SV ratio, as observed in the ZnO QDs-SiO 2 system. The XPS analyses illustrated both the chemical bonding complexity in the SiO x N y matrix and the specific bonding configurations at the dot/matrix interface generate a strong surface polarization on the ZnO QDs. Such a surface polarization reinforces hole trapping and thus inhibits the green-yellow band transition in the ZnO QDs-SiO x N y nanocomposite samples. This work not only demonstrates the versatile luminescent properties of ZnO QDs-dielectric nanocomposite systems but also illustrates the promising applicability of semiconductor QDs in the fields of optoelectronic and solid-state lighting.
